OBJECTIVE -To investigate whether blood pressure is different in type 2 diabetic patients on a diet rich in carbohydrates versus a diet rich in cis-monounsaturated fatty acids. Data on the dietary effects on these diets' glucose and lipid metabolism have been previously published.
I
t has been well established that replacing a high-carbohydrate diet with a diet rich in cis-monounsaturated fatty acids improves lipids and lipoproteins (1) .
Whether high-monounsaturated fat diets also improve blood pressure compared with high carbohydrate diets is controversial. Epidemiological studies show that cis-monounsaturated fat intake is higher in individuals with lower blood pressure (2, 3) .
The results of randomized intervention studies, which can determine cause and effect, in this area are conflicting. In a cross-over study in type 2 diabetic subjects, Rasmussen et al. (4) found that a high-monounsaturated fat diet lowered daytime ambulatory blood pressure but not auscultatory blood pressure compared with a high-carbohydrate diet. Lauszus et al. (5) reported a greater rise in 24-h ambulatory diastolic blood pressure with a high-carbohydrate diet than with a high-monounsaturated fat diet in women with gestational diabetes. However, Mensink et al. (6) found no difference in clinical blood pressure in normotensive subjects randomized to a high-monounsaturated fat or a highcarbohydrate diet. Three cross-over studies, two in type 2 diabetic subjects (7, 8) and one in subjects with hyperlipidemia (9) , also found no difference in 24-h ambulatory (7) or clinical (8, 9) blood pressure on the two diets. These conflicting results could be due to a short study duration (21-36 days) in some studies (4, 6, 7, 9) ; the small sample size of some cross-over (n ϭ 10 -15) (4,7) and parallel design (n ϭ 27-47) (5, 6) studies; the use of diets with large differences in saturated fat, fiber, or cholesterol content (4 -6,8) ; or changes in patient body weight of Ͼ1 kg during the course of each diet (6) . In addition, in one study, diets were only partially provided by the investigators (9) .
Thus the purpose of the current investigation was to compare the long-term effects of carefully controlled isoenergic high-carbohydrate and high-monounsaturated fat diets prepared in metabolic kitchens on blood pressure and heart rate in a four-center, randomized, cross-over trial in type 2 diabetic subjects. The effects of these diets on glucose and lipid metabolism, the main aim of the study, have been published previously (10).
•
RESEARCH DESIGN AND METHODS -We studied 42 patients (33 men and 9 women) with type 2 diabetes at the metabolic units of the Stanford University (Stanford, CA; n ϭ 10), the University of Texas Southwestern Medical Center (Dallas, TX; n ϭ 10), the University of Minnesota (Minneapolis, MN; n ϭ 11), and the Veterans Affairs Medical Center (San Diego, CA; n ϭ 11). The protocol for this study was approved by the institutional review boards of each university, and all patients gave informed written consent. Regarding ethnic background, 31 patients were white, 6 were African American, 4 were Hispanic, and 1 was Asian. Other subject characteristics (means Ϯ SD) included age 58 Ϯ 10 years (range 35-78), BMI 28.1 Ϯ 2.9 kg/m 2 (range 23-33), systolic blood pressure 134 Ϯ 18 mmHg (range 108 -177), diastolic blood pressure 80 Ϯ 9 mmHg (range 60 -99), and heart rate 75 Ϯ 8 bpm (range 60 -100). Of the 11 subjects on blood pressureϪlowering medication, 2 were on a diuretics, 5 were on a calcium channel blocker, 2 were on an ACE inhibitor, and 2 were on both an ACE inhibitor and a diuretic. The blood pressure medications of all these patients remained stable throughout the study.
A randomized, cross-over study was designed. The daily energy intake needed for weight maintenance was estimated by multiplying the calculated basal energy expenditure by an activity factor (11) . All patients received each of the two isoenergic study diets (a high-carbohydrate [high-carb] and a highϪcis-monounsaturated fatty acid [high-mono] diet) for 6 weeks each during phases 1 and 2. There was a median interval of 7 days between the two diet periods.
To assess the longer-term effects of diets, all patients were invited to consume the second diet for an additional 8 weeks (phase 2 extension) without interruption; 21 patients chose to do so. Of these, 8 patients continued on the high-mono diet and 13 continued on the high-carb diet, for a total duration of 14 weeks on the diet.
All meals were prepared in the metabolic kitchens. The patients ate at least one meal per day at the metabolic units on weekdays; the remaining food was supplied in packages to be consumed at home. To monitor compliance, the patients were instructed to bring back any unconsumed food, were interviewed by dietitians, and were weighed during their visits.
Diets
A set of four standard menus for each study diet was prepared for a 2,000-kcal intake. For a different energy level, all food items were adjusted accordingly. The high-carb diet provided 55% of total energy as carbohydrate and 30% as fat. The high-mono diet provided 45% of total energy as fat and 40% as carbohydrate. The saturated and polyunsaturated fats (10% of the total energy intake each), protein (15% of total energy), cholesterol (120 mg per 1,000 kcal), and sucrose (10% of the total energy) contents of the study diet were matched. The content of dietary fiber was kept proportional to the carbohydrate content (high-mono: 11 g/1,000 kcal; high-carb: 15 g/1,000 kcal). The patients were instructed to maintain their usual level of physical activity and salt intake. The energy intake was adjusted if needed to maintain constant body weight during the study.
Blood pressure and heart rate measurements During the last 3 days of each phase, the patients were admitted to the inpatient metabolic unit of each center, where blood pressure and heart rate were measured daily using a mercury sphygmomanometer and palpation, respectively. The subjects did not engage in any physical activity or smoke. The blood pressure measurements were made on the left arm with the subjects sitting in a quiet room and were taken by the same staff. Systolic blood pressure was recorded in phase I
Figure 1-Weekly mean (ϮSE) systolic (A) and diastolic (B) blood pressure in 41 patients on the high-carb (E, F) and high-mono (‚, OE) diets during phases 1 and 2. E, ‚, outpatient values; F, OE, inpatient values.
and diastolic blood pressure in phase V Korotkoff (12) . The mean of the measures taken during the last 3 days of each phase were used to compare differences among the different phases; three values were recorded in Ͼ75% of the times. Blood pressure and heart rate were also measured weekly during all the remaining weeks on an outpatient basis after a 5-min rest.
Statistical analyses
Repeated-measures ANOVA (performed using SAS Version 9.1) was used to assess the impact of the study diets, the order in which patients received the diets, and the site of study participation on blood pressure and heart rate for 6 weeks (phases 1 and 2) in 41 patients and for 14 weeks (phases 1, 2, and 2 extension) in 21 patients. Only 1 patient was dropped from the 6 weeks' analysis for lack of blood pressure data. Least-square means contrasts were used to analyze the differences among the three phases (phases 1, 2, and 2 extension) when ANOVA revealed significant diet effects. The effects of possible confounding factors such as age, sex, and weight were also evaluated using repeated-measures ANOVA and covariance models; these covariates did not affect the blood pressure and heart rate response to the diets.
RESULTS -The compliance to both the study diets was excellent. The sites at which the patients were studied did not significantly affect the results, so combined results from all four centers are presented. Excluding the subjects who were on blood pressureϪlowering medication did not affect the responses, so data on all the subjects are presented below.
Phases 1 and 2 (41 patients)
During the last 3 days of phases 1 and 2, energy intake (high-mono: 2,533 Ϯ 366 kcal; high-carb: 2,528 Ϯ 375 kcal; P ϭ 0.8) and body weight (high-mono: 82.2 Ϯ 11.8 kg; high-carb: 82.3 Ϯ 12.2 kg; P ϭ 0.8) were similar on the two diets.
The order in which the patients received the diets did not affect the results. After 6 weeks of the high-carb or highmono diet, no difference was observed in systolic (128 Ϯ 16 vs. 127 Ϯ 15 mmHg; P ϭ 0.9) or diastolic (75 Ϯ 7 vs. 75 Ϯ 8 mmHg, respectively; P ϭ 0.7) blood pressure. Heart rate was slightly higher on the high-carb than on the high-mono diet (73 Ϯ 8 vs. 71 Ϯ 8 bpm; P ϭ 0.06). Analysis of the weekly blood pressure collected during the outpatient follow-up ( Fig. 1A and B) found no difference on the two diets (systolic blood pressure: P ϭ 0.21; diastolic blood pressure: P ϭ 0.12).
Phases 1, 2, and 2 extension (21 patients)
There were no differences in energy intake or body weight during the last 3 days of phases 1, 2, and 2 extension in the 13 patients who received the high-carb diet for 14 weeks (energy intake: 2,587 Ϯ 363, 2,601 Ϯ 374, and 2,601 Ϯ 374 kcal, respectively, P ϭ 0.38; body weight: 83.1 Ϯ 11.6, 83.3 Ϯ 11.9, and 83.8 Ϯ 12.4 kg, respectively, P ϭ 0.16) or in the 8 patients who received the high-mono diet for 14 weeks (energy intake: 2,550 Ϯ 417, 2,550 Ϯ 417, and 2,550 Ϯ 417 kcal, respectively, P ϭ 1.0; body weight: 81.3 Ϯ 8.3, 80.7 Ϯ 8.3, and 80.9 Ϯ 8.9, respectively, P ϭ 0.57).
The longer-term analysis of the effects of the study diets on systolic and diastolic blood pressure and heart rate during the last 3 days of phases 1, 2, and 2 extension in the subgroup of 21 patients showed a significant order-by-diet interaction (P ϭ 0.007, 0.002, and 0.02, respectively), so the results are presented in the order in which the patients received the diets. Table 1 shows the results in 13 patients who received the high-mono diet for 6 weeks during phase 1 and the high-carb diet for 14 weeks during phases 2 and 2 extension. There was a significant diet effect for diastolic blood pressure (P ϭ 0.003) and heart rate (P ϭ 0.03). Diastolic blood pressure and heart rate were significantly higher (7 mmHg, P ϭ 0.002-0.004; 7-8 bpm, P ϭ 0.01-0.04) on the high-carb diet at 14 weeks than on the high-mono or the high-carb diet at 6 weeks. For both diastolic blood pressure and heart rate, there was no difference between the highcarb and high-mono diets at 6 weeks. There was no significant diet effect for systolic blood pressure; however, it was higher (6 mmHg; P ϭ 0.04) on the highcarb diet at 14 weeks than on the highmono diet at 6 weeks, and the difference was reflected in the confidence intervals of 0.4 -10.5 mmHg. Table 1 shows the results during the last 3 days of each phase in eight patients who received the high-carb diet for 6 weeks during phase 1 and the high-mono diet for 14 weeks during phases 2 and 2 extension. The diet effect was significant for heart rate (P ϭ 0.05), which was lower on the high-mono diet at 14 weeks (7 bpm; P ϭ 0.02) and 6 weeks (6 bpm; P ϭ 0.05) than on the high-carb diet at 6 weeks. There was no significant diet effect for systolic or diastolic blood pressure, although they were lower (3-4 mmHg) on the high-mono diet at 14 weeks than on the high-carb diet at 6 weeks.
Analysis of the weekly blood pressure collected during outpatient follow-up in phases 1, 2, and 2 extension showed a significant order by diet interaction for systolic (P ϭ 0.03) and diastolic (P ϭ 0.04) blood pressure . Figure 2A shows the weekly mean systolic and diastolic Data are means Ϯ SD. A total of 21 patients participated in the phase 2 extension. Data on blood pressure and heart rate are missing in one subject for the 14-week high-carb diet. P values were determined from repeated-measures ANOVA and indicate the differences among the three periods within each sequence (A or B). Study sequence A: *P Ͻ 0.05, †P Ͻ 0.005, ‡P ϭ 0.01 vs. 14-week high-carb diet value; study sequence B: §P Ͻ 0.05 vs. 14-week high-mono value, ʈP Ͻ 0.05 vs. 6-week high-mono diet value.
blood pressure in 13 patients who received the high-mono diet for 6 weeks during phase 1 and the high-carb diet for 14 weeks during phases 2 and 2 extension. There was no significant diet effect (P ϭ 0.8) for either systolic or diastolic blood pressure, although they tended to be higher during the high-carb phase than at the end of the high-mono phase. Figure  2B shows the weekly mean systolic and diastolic blood pressure in the eight patients who received the high-carb diet for 6 weeks during phase 1 and the highmono diet for 14 weeks during phases 2 and 2 extension. There was a significant diet effect for both systolic (P ϭ 0.03) and diastolic (P ϭ 0.03) blood pressure. Systolic and diastolic blood pressure were significantly lower on the high-mono diet during the phase 2 extension than on the high-carb diet during phase 1 (P ϭ 0.009 and P ϭ 0.01, respectively). The results were similar even when the inpatient data were excluded from the analysis.
CONCLUSIONS -We compared the effects of isoenergic high-carb and high-mono diets in a four-center, randomized, cross-over trial on blood pressure in type 2 diabetic subjects while holding body weight and intake of saturated fat, polyunsaturated fat, and cholesterol constant across diets. Based on the data collected in the inpatient metabolic units, the exchange of carbohydrates with monounsaturated fats did not affect blood pressure at 6 weeks but did have a modest impact on this measure in the longer term. In subjects who received the highmono diet for 6 weeks and the high-carb diet for 14 weeks, blood pressure was significantly higher on the latter diet. In subjects who received the high-carb diet for 6 weeks and the high-mono diet for 14 weeks, blood pressure was higher on the former diet, but the difference did not reach statistical significance, possibly because of the smaller sample size. The 6-week results from our study were not corroborated by the results from the 3-week cross-over study in type 2 diabetic subjects conducted by Rasmussen et al. (4) in which daytime ambulatory blood pressure was higher on a highcarbohydrate diet than on a highmonounsaturated fat diet. A possible reason why that study found a blood pressure response to the diets at 3 weeks compared with our study, in which a small difference was seen only with longer-term consumption of the diets, could be partly due to the fact that their study had a higher difference in the percentage of energy from monounsaturated fat between the two diets (high-monounsaturated fat diet: 30%; high-carbohydrate diet: 10%) than that in the present study (high-mono diet: 25%; high-carb diet: 10%). The smaller difference in monounsaturated fat content in our study may have led to a delayed blood pressure response, suggesting that long-term studies may be necessary to evaluate the blood pressure response to high-carbohydrate and highmonounsaturated fat diets, especially when the difference in monounsaturated fat content of the two diets is at the level shown in our study. It is not clear why Rasmussen et al. (4) did not find a difference in nighttime blood pressure and clinic blood pressure on the two diets.
A number of other studies that also compared high-carbohydrate and highmonounsaturated fat diets, however, did not find a difference in the blood pressure response (6 -9). The results from these studies are difficult to compare with the results from our study, however, as most of the studies (6,7,9) were only 21-36 days in duration, whereas for some patients in our study, phases 2 and 2 extension were implemented for a total of 14 weeks. The short duration of the former studies may have been a limiting factor leading to a possible delayed response. Also, in two of the four studies (6, 8) , the percentage of energy from saturated fat was higher (2-3.2%) and the dietary fiber content was lower (9 -18 g) on the highmonounsaturated fat diet compared with the high-carbohydrate diet. These differences could have mitigated any possible blood pressureϪlowering effect of monounsaturated fat as diets high in saturated fat or low in fiber have been reported to raise blood pressure (13, 14) . In our study, the percentage of energy intake from saturated fat was held constant across the two diets (10% of total energy), and dietary fiber intake was kept proportional to the carbohydrate content; thus, a patient on a 2,000-kcal diet would have received 22 g of dietary fiber on the highmono diet and 30 g on the high-carb diet. Based on a meta-analysis by Streppel et al. (14) in which an average fiber supplementation of 11.5 g/day reduced systolic blood pressure by 1.13 mmHg and diastolic blood pressure by 1.26 mmHg, the differences in blood pressure between the two diets in the present study might have been slightly higher had the fiber content of the high-mono diet been as high as the fiber content of the high-carb diet.
The most plausible mechanism for an increase in blood pressure and heart rate on a high-carbohydrate diet compared with a high-monounsaturated fat diet might be the accentuation of hyperinsulinemia. Data on insulin concentration in the present study that were previously reported (10) showed that compared with the high-mono diet, the high-carb diet increased daylong plasma insulin values by 10% and that the effects persisted for 14 weeks. It has been postulated that hyperinsulinemia enhances sympathetic nervous system activity, which increases heart rate, cardiac output, vascular resistance, and Na ϩ retention and thus blood pressure (15, 16) .
A possible limitation of the present study is the fact that we did not record 24-h ambulatory blood pressure. According to one study (17) , the variability in blood pressure measurements is twice as large for clinic measurements as for ambulatory measurements, although the difference between clinic and average daytime ambulatory blood pressure in this study was not significant. Our variability was probably minimized, however, because the measurements were made under controlled inpatient conditions and because the sample size in our cross-sectional study was large. Nevertheless, future studies need to investigate the long-term effects of these diets using the 24-h ambulatory blood pressure method because of the variability in blood pressure during the day and night and the ability of the method to observe blood pressure behavior during normal daily activities.
It has been suggested that decreases in blood pressure in a trial may be due to a habituation effect (18) . Blood pressure decreased slightly on the high-mono extension phase in our study. However, we do not believe this change was due to a habituation effect, given the fact that a significant rise in blood pressure was observed during the high-carb extension phase. Also, the lowering of blood pressure due to habituation reaches a plateau after 1 week (18) . Another possible limitation of this study was that we did not specifically control the intake of minerals linked to blood pressure. According to meta-analyses, potassium supplementation leads to a significant reduction in blood pressure (19) ; magnesium supplementation leads to a small, nonsignificant decrease in blood pressure (20) ; and calcium supplementation is inconsistently linked to blood pressure (21) . Also, decreasing sodium intake may lead to lower blood pressure (22) . Based on the menus for the 2,000-kcal diets in our study, the intake of sodium, potassium, magnesium, and calcium was 345, 574, 90, and 79 mg higher, respectively, on the high-carb diet than on the high-mono diet. The higher sodium content of the high-carb menus is unlikely to have contributed to a higher blood pressure as the total sodium content of the high-carb menus was only 1,546 mg/day; in addition, the menus had a higher potassium content to balance out any possible effect of sodium on blood pressure. The difference in magnesium and calcium content between the two diets is too small to result in any clinically relevant difference in blood pressure (20, 21) .
In conclusion, over a short period, high-carbohydrate and high-monounsaturated fatty acid diets are not related to blood pressure, but over a longer period (e.g., here 14 weeks), a high-carbohydrate diet may modestly increase blood pressure compared with a highmonounsaturated fat diet.
